A novel fulleropyrrolidine derivative, named as FPNOH, was designed, synthesized and utilized as an efficient electron-collecting (EC) layer for inverted organic solar cells (i-OSCs). The grafted diethanolamino-polar moieties can not only trigger its function as an EC interlayer, but also induce orthogonal solubility that guarantees subsequent multi-layer processing without interfacial mixing. A higher power conversion efficiency (PCE) value of 8.34% was achieved for i-OSC devices with ITO/FPNOH EC electrode, compared to that of the sol-gel ZnO based reference devices with an optimized PCE value of 7.92%. High efficiency exceeding 7.7% was still achieved even for the devices with a relatively thick PFNOH film (16.9 nm). It is worthwhile to mention that this kind of material exhibits less thickness dependent performance, in contrast to widely utilized p-type conjugated polyelectrolytes (CPEs) as well as the non-conjugated polyelectrolytes (NCPEs). Further investigation on illuminating intensity dependent parameters revealed the role of FPNOH in reducing interfacial traps-induced recombination at ITO/active layer interface.
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INTRODUCTION
Inverted organic solar cells (i-OSCs) exhibit superior efficiency and long term stability compared with the initially implemented conventional device architectures. [1] [2] In i-OSCs devices, indium tin oxide (ITO) is not an ideal electron extraction electrode because no quasi Ohmic contact can form between the photoactive layer and the ITO due to its high work funciton (Φ = 4.7 eV). To reduce the work function of ITO and to improve the electron extractions in i-OSCs, a widely used strategy is to insert an electron-collecting (EC) interfacial layer between the cathode electrode and the photoactive layer.
Among all the efforts, inorganic electron selective materials, such as LiF and n-type metal oxides (MOs) (TiO x , ZnO, MoO 3 -Al composite), have been reported as efficient EC layers. [3] [4] [5] [6] However, these processes are mostly accompanied by thermal deposition with high vacuum, or solution processing with high temperature annealing treatment, which are not compatible for preparing large-area flexible devices. Alternatively, organic electron selective materials, specifically conjugated polyelectrolytes (CPEs) and non-conjugated polyelectrolytes (NCPEs) have served as an efficient EC interfacial layer because the grafted polar pendants can effectively reduce the work function of ITO electrode as well as the contact resistance, leading to high performance solar cell devices. [7] [8] [9] Furthermore, their good filmforming ability and orthogonal solubility provide the potential for large area processing in a roll-to-roll or inkjet printing manufacturing. 10 Most of the recently explored CPEs based EC interlayers were comprised of a conjugated polymer backbone, such as polyfluorene, [11] [12] polythiophene, 13 and polycarbazole, 14 tethered with numerous polar groups, such as N, N-dimethylamino, 15, 16 ammonium, 17 diethanolamino, 18 and phosphonate. 19 It is worth noting that the widely utilized p-type conjugated backbones are not favorable for electron transport, thus requiring ultra-thin film to prevent the possible increased electron extraction barrier. 20 In principle, these p-type polymers, as well as the insulating NCPEs, work as a "dipole" layer to facilitate 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   4 electron extraction by reducing the Φ of the adjacent electrodes. 21 Although high efficiency could be achieved with these ultra-thin films, it is still difficult to ensure the device performance reproducibility, especially for large area manufacturing. 22 Moreover, conjugated polymers face the great challenge of batch to batch variations in terms of molecular weight and polydispersity, which may have a significant influence on preparation conditions, such as thickness, solubility, and film morphology. 23 Fullerene derivatives functionalized with polar pendents are emerging as novel EC interfacial materials to facilitate electron extraction in OSCs due to the circumvention of the undesirable effects often associated with previous reported interlayers. [24] [25] [26] [27] [28] The fullerene based EC interlayer has the following advantages: i) the well-matched energy level with the LUMO level of a commonly utilized acceptor, i.e. [6, 6] -phenyl-C61-butyric acid methyl ester (PCBM), ensures the excellent electron extraction ability; ii) the deep highest occupied molecular orbital (HOMO) energy level provides excellent hole blocking ability; iii) the reasonable electron mobility. However, most of the fullerene based interfacial materials were demonstrated only in a conventional architecture, i.e., the EC interfacial layer was deposited onto the active layer, followed by thermally evaporating a high work function electrode. [24] [25] [26] [27] [28] As far as we are concerned, their application in inverted geometry is rare. One possible reason is that their amphiphilic solubility might prevent multi-layer processing, resulting in the interfacial mixing of different layers. That is to say, the bottom EC interlayer is likely to be damaged by the lipophilic solvents used to deposit the subsequent active layers. One alternative way is to introduce cross-linkable fullerene components, as suggested by Cho et al. 29 Very recently, Liu et al.
reported a zwitterionic fullerene interlayer, which was sufficiently robust to endure multilayer solution processing, achieving high efficient i-OSC devices. 30 In the present study, we provide an alternative way on designing novel efficient fullerene based interlayer for i-OSCs. A neutral fulleropyrrolidine EC interfacial material was synthesized and utilized [6, 6] -phenyl-C71-butyric acid methyl ester (PTB7:PC 71 BM). Diethanolamino-groups were introduced to trigger the function as an EC interlayer and induce orthogonal solubility. The chemical structure for the interlayer, the active blends, and the device architecture are shown in Figure 1 .
Inverted geometry with sol-gel derived ZnO as the EC interlayer were fabricated as reference devices. 4 The fulleropyrrolidine interlayer is incorporated between the active layer and ITO electrode, which leads to a significant enhancement of power conversion efficiency (PCE), meanwhile exhibiting less thickness dependent performance. 
Instruments and Measurements
H and 13
C NMR spectra were recorded on a Bruker Ultra Shield Plus at 400 or 100 MHz, respectively. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 8 transmittance spectra were recorded using a Shimadzu UV-3600 UV-VIS-NIR spectrophotometer. 
Fabrication and characterization of i-OSCs
The i-OSC devices were fabricated with a configuration of ITO/FPNOH/active layer/MoO 3 /Ag. ITO substrates were pre-cleaned with deionized water, acetone and isopropanol by ultrasonicating for 15 min each. The substrates were blown dry under a nitrogen stream and immediately exposed to O 2 plasma for 10 min. The sol-gel derived ZnO films were prepared according to the literature. 4 The solgel ZnO was spin-casted on ITO substrates with 4000 rpm, followed by annealed in ambient at 130 o C for 30 min. The substrates coated with ZnO were then transferred into a nitrogen-filled glove box (< 0.1 ppm O 2 and H 2 O). The FPNOH interlayer was coated in a glove box to prevent the possible oxygen induced "light soaking" issue. 31 The FPNOH films were cast from their DMF:HOAc (97:3, volume ratio) solutions with various concentration and spin-coating rates, followed by annealing at 100 o C for 15 min to remove DMF residues. The active layer was prepared by spin-coating a mixture of PTB7:
PC 71 BM in chlorobenzene (13 mg/mL for PTB7, 17 mg/mL for PC 71 BM) solution with 3% (volume ratio) 1, 8-diiodooctane (DIO) at 3000 rpm for 30 s. After spin-casting, the as-prepared films were 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 covered by a petri-dish in the glove box for 2 h and then put in vacuum for 30 min. Finally, isopropanol was used to wash DIO residue. 32 Top electrodes were thermally evaporated through a shadow mask onto the active layer. Specifically, the 8.0 were recorded using the monochromated (Bentham) output from a tungsten halogen lamp calibrated with a Newport UV-181 photodiode; phase sensitive detection with a lock-in amplifier was used to increase signal to noise.
RESULTS AND DISCUSSION
The synthetic procedures of FPNOH are shown in Scheme 1. FPBr, served as the precursor for FPNOH, was prepared by connecting the tris(6-bromohexyloxy)phenyl group through a pyrrolidine ring onto C 60 .
The purified precursor was treated with diethanolamine in a sealed vessel under Microwave (MW) irradiation at 75 o C for 60 min (CEM Discover system) in cooling mode, followed by washing with methanol and chlorobenzene (CB). The FPNOH product is insoluble in toluene, CB, and odichlorobenzene (o-DCB), but it is partly dissolved in chloroform (about 3 mg/mL). In contrast, dimethylformamide (DMF) appears to be a good solvent for FPNOH, and the solubility can be improved by adding a small amount of acetic acid (3%, volume ratio) into the solution. To certify their 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 orthogonal-solvent properties, the optical absorption spectra of these interlayer films before and after rinsing with CB were recorded. As shown in the Figure 1d , the absorption spectra show no variations,
indicating that it will not be damaged by the CB solvent that is commonly used to deposit the subsequent active layer. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 as efficient EC interlayer for FPNOH. Moreover, the absorption onset, determined by UV-Vis absorption spectra of FPNOH in films, was equal to 1.80 eV. Thus, the calculated HOMO of FPNOH was -5.58 eV. For comparison, the reductive CV curves for the precursor (FPBr) was also investigated as shown in Figure S1 ( As shown in Figure 3 Previous reports showed that CPE and NCPE based interlayers (e.g. PFN, PEIE) generally exhibited strong thickness dependent performance. 8, 15 One of the possible reasons is that the widely Table 1 . The maximum PCE value was achieved at 7.7 nm with the concentration of 5 mg/mL at the spin-coating rate of 1000 rpm for 90 s. Increasing the thickness to 16.9 nm would lead to only a slight current loss due to the increase of energy loss during the light across the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 interlayer or the possible optical spacer effect. 30 For the purpose of demonstrating the ability of FPNOH in reducing the electron extraction barrier as well as investigating the thickness dependent charge transport ability for EC interlayer, the J-V characteristics for electron-only PTB7:PC 71 BM devices with various FPNOH thicknesses were tested. The device configuration was ITO/FPNOH/PTB7:PC 71 BM/LiF/Ag. For comparison, the devices without FPNOH were fabricated as well. As shown in Figure 4b , the devices based on bare ITO exhibited very low current density, suggesting poor electron injection ability of ITO electrode. After FPNOH deposition, the corresponding single electron devices showed a significant increased current density, suggesting sufficient charge transport ability for ITO/FPNOH electrode. Moreover, the relative thick film up to 16.9 nm did not lead to an obvious decreased current, which was in line with the i-OSC device results. All these results suggest that the FPNOH EC interlayer show less thickness dependent performance in contrast to previous reported CPEs with p-type conjugated backbones and NCPEs whose devices worked well only with using ultra-thin film (2~8 nm). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   15 could be attributed to the reduced work function of cathode with interlayer deposition. 22 Dark J-V characteristics ( Figure S7 ) verified the good diode behaviour of using FPNOH interlayers. Air stability tests on PTB7:PC 71 BM devices with regular Ca/Al structure and inverted structure with ITO/FPNOH as the cathodes further demonstrated superior device stability for the inverted device with using FPNOH as the interlayers (Figure S8 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the deviation for exponent from unity is typically attributed to the bimolecular recombination, space charge effects, and the variations in mobility between the two carriers. 38 The condition. 39 Generally, a stronger light intensity dependent Voc with a slope larger than kT/q could be observed once monomolecular recombination becomes dominant, which is probably induced by interfacial traps. 39 As shown in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 Figure 7 . J ph -V eff curves of PTB7:PC 71 BM devices with or without FPNOH interlayer.
CONCLUSION
In summary, we designed and synthesized a neutral fulleropyrrolidine EC interlayer FPNOH for high efficiency i-OSCs with active blends of PTB7:PC 71 BM. Diethanolamino polar groups were introduced to not only trigger its function as an EC interlayer, but also to induce orthogonal solubility that guaranteed subsequent multi-layer processing without interfacial mixing. The champion PCE value of 8.34% was achieved, and 3.1-fold enhancement was observed compared with the reference devices based on bare ITO electrode (2.69%). Emphatically, the performance was even higher than that of the devices with sol-gel derived ZnO cathode interlayers (7.92%). On the basis of analysis, FPNOH has the huge advantage of less thickness dependent performance in contrast to previously implemented p-type CPEs based interlayers. According to the study on illuminating the intensity dependence of J SC and V OC , and the photocurrent density versus effective voltage curves, the incorporation of FPNOH as EC interlayers can effectively reduce the interfacial traps and facilitate the charge extraction. The results shed light on rational design and development of high-performance EC interlayers with orthogonal solubility and less thickness dependence that would be more compatible with solution-based processing techniques, i.e. roll-to-roll or inkjet printing, for manufacturing large-area i-OSCs devices. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
